Cytochrome aa3 concentrations in the cytoplasmic membrane of Bacillus subtilis were altered by growth conditions, and the effects on the membrane potential (4*) in whole cells were measured. When cytochrome aa3 was absent, the magnitude of'A+ was not diminished by comparison with the A* measured in cells containing normal cytochrome aa3 concentrations. In addition, the energy-dependent uptake of proline and glutamate was comparable at both cytochrome aa3 concentrations. However, in the cytochrome aa3-deficient cell preparation, accumulation of the aminoglycoside antibiotic streptomycin was much lower than that of the cytochrome aa3-sufficient cells. When cells were cultured under conditions that stimulated higher than normal concentrations of cytochroime aa3, A4 was alsQ increased, and enhanced streptomycin accumulation was observed. Phenazine methosulfate-ascorbate was used both in A*I measurements and in uptake studies to provide high rates of electron transport and'maximal A* values. These results, taken together with those previously published (A. S. McEnroe and H. W. Taber, Antimicrob. Agents Chemother. 26:507-512, 1984) suggest that the uptake of streptomycin by B. subtilis requires adequate levels both of A, and cytochrome aa3.
The involvem,ent of cytochromes in aminoglycoside accumulation by bacteria has been suggested by several studies with cytochrome-deficient mutants. Bryan and Van den Elzen (7) found that a heme-deficient mutant of Escherichia coli showed enhanced aminoglycoside resistance and decreased aminoglycoside uptake in the presence of limiting heme precursor (8-aminolevulinic acid). Similar observations were made by Campbell and Kadner (8) and by Damper and Epstein (9) . Bryan et al. (6) studied a cytochrome-and nitrate reductase-deficient mutant of Pseudomonas aeruginosa which appeared to be defective in aminoglycoside uptake due to reduced cytochrome oxidase activity. Decreased aerobic uptake of aminoglycosides was also correlated with cytochrome and nitrate reductase deficiencies in several additional aminoglycoside-resistant mutants of P. aeruginosa (4) . Taber and Halfenger (26) isolated Bacillus subtilis mutants with cytochrome deficiencies that showed multiple aminoglycoside-resistant phenotypes.
Since aminoglycoside accumulation by bacterial cells requires at least the Atj component of the proton electrochemical gradient (AiLUH+) (5, 6, 9, 10, 16) , cytochromes presumably are needed to help maintain this gradient. However, a decreased concentration of ubiquinone was shown by Bryan and Kwan (5) to decrease gentamicin uptake in E. coli while leaving glutamine and proline transport unaffected. This suggests that specific electron transport components may be required for aminoglycoside entry, in addition to maintenance of Af,H+. McEnroe and Taber (17) have described growth conditions for B. subtilis that change the concentration of cytochrome aa3 in a systematic way. Utilizing these growth conditions, a relationship between cytochrome aa3 content and streptomycin accumulation was demonstrated (17) , suggesting a requirement of cytochrome aa3 for streptomycin uptake in B. subtilis. It was possible that this apparent dependence of streptomycin uptake on cytochrome aa3 actually was due to enhanced functioning of the electron (17) .
Media. The minimal salts medium (MG) was that of Anagnostopoulos and Spizizen (1) to which was added 0.5% glucose. When further supplemented with 50 pg of tryptophan per ml, it is designated MGT. Casamino Acids, vitamin-free (CV; Difco Laboratories, Detroit, Mich.) were added in the concentrations specified in each experiment. MG agar was prepared by adding 15 g of Bacto-Agar (Difco) per liter of liquid MG. Tryptose-blood agar base medium (TBAB) was prepared as previously described (11) . The liquid equivalent of TBAB (T medium) contained (in grams per liter): tryptose (Difco), 10; beef extract (Difco), 3.0; and NaCl, 5.0. TG medium was prepared by adding sterile glucose (final concentration, 0.5%) to previously autoclaved TBAB or T medium.
Growth of cells. For small cultures (10 to 25 ml), cells were grown in 250-ml nephelometer flasks. For batch cultures (300 to 1,000 ml), cells were grown in 2,800-ml Fernbach flasks. All cultures were incubated at 37°C with vigorous shaking (200 rpm) in a New Brunswick G-25 incubator. The increase in bacterial cell mass in liquid culture was then monitored by the change in turbidity on a Klett-Summerson photoelectric colorimeter.
Preparation of membrane vesicles and whole cells for uptake experiments. Membrane vesicles were prepared from late-logarithmic-phase cells grown in the appropriate medium, as described by Bisschop and Konings (2) . For wholecell preparations, strains were grown in MGT medium with concentrations of CV to obtain cellular cytochrome aa3 concentrations specified for each experiment. These levels were established by spectroscopic measurements at liquid nitrogen temperature as previously described (17, 24) , and are represented on a scale of 0 to 5. Level 5aa3 represents the maximal concentration of cytochrome aa3 normally formed by early-stationary-phase cultures of strain RB1 growing in MG medium plus 1.0% CV; 0aa3 represents a concentration less than 5% of the maximum and occurs when strains are cultured in MGT in the absence of CV. Under special growth conditions (extended incubation time in the stationary phase), the normal maximum concentrations can be exceeded, and cytochrome aa3 formation occurs at a level 15 to 20% higher. This latter level is referred to as 5'aa3.
Cells were washed in 50 mM potassium phosphate buffer having a pH as designated in each experiment and were resuspended in the same buffer to a concentration of 8 mg x 10' M; final specific activity, 0.66 ,uCi/ml) and
[14C]proline (final concentration, 4.6 x 10-6 M; final specific activity, 0.62 puCi/ml), the reaction mix was preincubated for 5 min in the presence of the respective labeled amino acid, and the reaction was started by the addition of PMSascorbate. Reactions were terminated at 30-s intervals for a total of 4.5 min. For uptake of [3H]dihydrostreptomycin sulfate (final concentration, 8 x 10-5 M; final specific activity, 0.3 puCi/ml; Amersham Corp., Arlington Heights, Ill.), the reaction mix was preincubated in the presence of both unlabeled streptomycin siulfate and PMS-ascorbate for the time designated in each experiment. Measurement of uptake was initiated by the addition of the labeled dihydrostreptomycin. Reactions were terminated at 1-min intervals for a total of 9 min or at th-e time points specified in a particular experiment.
Electrical potential measurement. The magnitude of the membrane potential At was determined from the distribution ratio of lipid-soluble [3H]tetraphenylphosphonium ion, using the flow dialysis procedure (21) . Several modifications in the procedure were made to adapt the system for use with B. subtilis whole cells, rather than E. coli membrane vesicles. Whole cells were prepared as described above for uptake measurements, except that samples to be used for A/ measurements were concentrated to give 0.4-ml samples containing the equivalent of 4 mg of membrane protein per ml. This resulted in a final concentration in the upper chamber (total volume, 0.8 ml) of 2 mg of membrane protein per ml, the same amount of membrane protein utilized for studies with membrane vesicles. Potassium phosphate buffer (50 mM) having the same pH as the cell suspension was pumped through the lower chamber at a rate of 6 ml/min. Fig. 1 whole-cell preparations of strains RB95 and RB1, cultured so as to have each of the three cytochrome aa3 concentrations used for the A1, measurements (i.e., Oaa3, 5aa3, 5'aa3).
The capacity of each of these cell preparations to accumillate glutamic acid and proline is shown in Fig. 2 and 3 , respectively. PMS-ascorbate effectively served to energize uptake of both of these amino acids, regardless of the cytochrome aa3 content of the cells. For example, panels E and F in Fig.  2 containing no spectroscopically demonstrable cytochrome aa3 (Oaa3) have uptake rates and final intracellular levels of glutamate and proline comparable to those of cells containing' either normal (5aa3; panels C and D) or greater than normal (5'aa3; panels A and B) amounts of cytochrome aa3. Also, the presence of the strC mutation in strain RB95 seemed to have little or no effect on the uptake of glutamate and proline (compare panels A, C, and E with panels B, D, and F in Fig. 2 and 3) .
Streptomycin accumulation dependent on PMS-ascorbate.
Having established the ability of strains RB1 and RB95 to take up amino acids when supplied with PMS-ascorbate, we next measured PMS-ascorbate-dependent uptake of streptomycin in whole-cell preparations of these strains containing differing levels of cytochrome aa3 (Oaa3, 5aa3, 5'aa3). These results are shown in Fig. 4. [3H]dihydrostreptomycin added to cells preincubated with unlabeled streptomycin was taken up rapidly by both strains RB1 (Fig. 4A) and RB95 (Fig. 4B) ,
provided that the cells contained normal (circles) or greater than normal (crosses) concentrations of cytochrome aa3.
Cells deficient in cytochrome aa3 (triangles) accumulated
[3H]dihydrostreptomycin poorly. The residual uptake observed presumably was due to the low but detectable levels of cytochrome aa3 remaining in the cells when cultured on MGT medium. The data shown in Fig. 4 are from a representative experiment; however, the relative peak uptake levels at 9 to 10 min were the same in each of the three repetitions of the experiment. The result shows that not only is cytochrome aa3 necessary for efficient streptomycin entry into B. suibtilis but that enhanced concentrations of cytochrome aa3 in the 5'aa3 cell preparations allowed higher levels of streptomycin accumulation under the experimental conditions used.
DISCUSSION
Aminoglycoside resistance has been noted in mutants blocked in the pathway for heme biosynthesis (8) , in menaquinone mutants (11, 19, 26) , and in anaerobes grown under conditions in which no cytochrome formation was detected (3) . While the resistances were not specific for streptomycin (but usually included streptomycin resistance), all of these mutations would result in deficiencies of several cytochromes. This would include cytochrome aa3 in the organisms that synthesize this cytochrome (in organisms such as E. coli, which do not synthesize cytochrome aa3, apparently another cytochrome serves a function in aminoglycoside transport analogous to that of cytochrome aa3 in B. subtilis). Supplementation of the appropriate precursor to these heme and menaquinone mutants, as well as the anaerobes, resulted in both cytochrome formation and increased aminoglycoside susceptibility.
A requirement for the All component of the proton electrochemical gradient (AfrH+) to promote aminoglycoside accumulation by bacterial cells has been well documented (5, 6, 9, 10, 16) . However, there are additional data which suggest the involvement of specific electron transport components in aminoglycoside uptake, in conjunction with the establishment of A¾H'. Bryan and Kwan (5) have shown in an E. coli ubi mutant depleted of 75 to 80% of its ubiquinone that 02 consumption and gentamicin uptake are proportionately decreased, whereas glutamine and proline uptake are unaffected. Similarly, Taber et al. (27) found that aB. subtilis mutant when severely depleted (<10%) of menaquinone accumulated gentamicin poorly. Previous work from this laboratory has demonstrated a relationship between cytochrome aa3 levels and streptomycin accumulation in B. subtilis (17) . However, these experiments did not exclude the possibility that the observed correlation between cytochrome aa3 levels and streptomycin uptake was a result of altered proton extrusion, causing changed A*i values.
However, if this was the case, then accumulation of streptomycin should be related to the magnitude of A+l, rather than to cytochrome aa3 levels.
In the work reported here, we found that the magnitude of At4 was sufficient to support uptake of streptomycin even under conditions in which no cytochrome aa3 was present ( Table 1) . The AiP values obtained were in the same range as those reported for whole cells of E. coli (20) or Staphylococcus aureus (16) , utilizing a similar assay system. Slightly higher Atp values have been reported by other investigators utilizing whole cells (9, 13, 14) including B. subtilis (22) . However, the latter measurements were obtained by a method shown to be subject to the degree of aerobiosis (13) and consequently could have yielded results at variance with the flow dialysis assay system, in which the cells are well aerated.
The question of a threshold A1 value that is necessary for aminoglycoside uptake, as indicated from the studies of Mates et al. (16) and Bryan To make the A* and uptake measurements comparable, we carried out both types of experiments in the presence of an artificial electron donor system, PMS-ascorbate. This allowed us to make meaningful comparisons of amino acid uptake, streptomycin accumulation, and membrane potential in relation to cellular cytochrome aa3 concentrations.
Proline uptake, which is dependent solely on Ai, (21) , was roughly equivalent at all cytochrome aa3 concentrations, including Oaa3. The uptake of glutamate, shown by Bisschop and Konings (2) to be dependent on the electron carrier menaquinone in B. subtilis, was likewise refractory to the presence or absence of cytochrome aa3. However, streptomycin uptake was markedly influenced by the cellular cytochrome aa3 concentration (data not shown) ( Fig. 4; 17) . Although the data obtained with cells containing Oaa3 and 5aa3 concentrations of cytochrome aa3 are relatively straightforward, the enhanced uptake of streptomycin seen in cells containing 5'aa3 concentrations of cytochrome aa3 cannot be simply attributed to the higher amount of cytochrome aa3 present, since Ai\ also is increased in these cell preparations.
It should be added that a limited number of experiments parallel to those reported here have been carried out on the relationship between gentamicin accumulation and cellular cytochrome aa3 concentration in B. subtilis (A. Arrow and H. Taber, submitted for publication). By contrast with the results shown here and obtained previously (17) with streptomycin, susceptibility to growth inhibition by and uptake of gentamicin show an inverse relationship to cytochrome aa3 concentrations and a direct relationship to cytochrome 617 concentrations in this organism. In consequence of all of our findings thus far, we would like to agree with and extend the conclusion of Bryan and Kwan (5) that there is a role in aminoglycoside uptake for electron transport in addition to its requirement for development of A/j. Not only do we feel that certain molecular components of the electron transport chain play some sort of direct role in aminoglycoside uptake (e.g., cytochrome aa3 for streptomycin in B. subtilis and ubiquinone for gentamicin and streptomycin in E. coli [5, 7] ) but that in some instances this role may be specific to a particular aminoglycoside or structural class of aminoglycosides.
In summary, the studies reported here and previously (17) 
